The phytopathogenic bacterium Xylella fastidiosa is the etiological agent of various plant diseases. To survive under oxidative stress imposed by the host, microorganisms express antioxidant proteins, including cysteine-based peroxidases named peroxiredoxins. This work is a comprehensive analysis of the catalysis performed by PrxQ from X. fastidiosa (XfPrxQ) that belongs to a peroxiredoxin class still poorly characterized and previously considered as moderately reactive towards hydroperoxides. Contrary to these assumptions, our competitive kinetics studies have shown that the second-order rate constant of the peroxidase reactions of XfPrxQ with hydrogen peroxide and peroxynitrite are in the order of 10 7 M -1 s -1 and 10 6 M -1 s -1 , respectively, which are as fast as the most efficient peroxidases. The PrxQ disulfides were only slightly reducible by DTT, therefore, the identification of a thioredoxin system as the probable biological reductant of XfPrxQ was a relevant finding. We also showed by sitespecific mutagenesis and mass spectrometry that an intramolecular disulfide bond between Cys-47 and Cys-83 is generated during the catalytic cycle. Furthermore, we elucidated the crystal structure of XfPrxQ C47S in which Ser-47 and Cys-83 lie approximately 12.3 Å apart. Therefore, significant conformational changes are required for disulfide bond formation. In fact, circular dichroism data indicated that there was a significant redox-dependent unfolding of alpha helices, which is probably triggered by the peroxidatic cysteine oxidation. Finally, we proposed a model that takes data from this work as well data as from the literature into account.
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The
gram-negative, xylem-limited phytopathogenic bacterium Xylella fastidiosa is the etiological agent of economically important diseases in citrus and many other plant species. The 9a5c strain of X. fastidiosa, which has been linked to citrus variegated chlorosis (CVC), was the first plant pathogenic bacterium whose genome was completely sequenced (1) . CVC is the major problem faced by the Brazilian citrus industry and is responsible for significant losses in orange production (2) . X. fastidiosa also imposes severe economic damage for other countries of the American continent because other strains of this bacterium provoke Pierce's disease in grapevines, phony peach disease and leaf scorch diseases in almond and oleander (3) . During infection by microorganisms, one of the first plant responses is the production of oxidants, including hydrogen peroxide, organic hydroperoxides and peroxynitrite (4) (5) (6) . To counteract the release of these oxidants, microorganisms have developed defenses such as antioxidant enzymes. In the X. fastidiosa genome, five genes encode homologous proteins involved in hydroperoxide decomposition: catalase, GPx, Ohr, AhpC and PrxQ (1) . All of them except GPx were identified in the whole cell extract and extracellular fraction of the citrus isolated strain 9a5c (7) .
Amongst the antioxidant proteins of X. fastidiosa, AhpC and PrxQ are members of a very large and ubiquitous family of cysteine-based peroxidases designated as peroxiredoxin (Prx). Prx enzymes are non-heme peroxidases with a catalytic activity towards hydrogen peroxide, peroxynitrite and various organic hydroperoxides that is endowed by reactive cysteine residues. Prxs are widely distributed and are found in the majority of the pathogenic bacteria. In Escherichia coli, Prx proteins are among the ten most abundant cellular proteins (8) ; and in other bacteria, Prxs 2 were characterized as species-specific antigens (9) (10) (11) .
Prxs have been classified into two groups, 2-Cys Prx and 1-Cys Prx, based on the mechanism of catalysis. The 2-Cys Prx group can be further divided into typical 2-Cys Prx and atypical 2-Cys Prx, according to the localization of the additional cysteine involved in catalysis (12, 13) . All groups share a common initial step of catalysis: the oxidation of a conserved reactive cysteine (the socalled peroxidatic cysteine) to a sulfenic acid intermediate (Cys-SOH) with the reduction of the hydroperoxide substrate to the correspondent alcohol. The fate of the sulfenic acid intermediate is distinct among the Prx groups. In typical 2-Cys Prx enzymes, the sulfenic acid reacts with a second cysteine residue located in the C-terminus of the other subunit (the so-called resolving cysteine), resulting in the formation of an intermolecular disulfide bond. In contrast, the resolution reaction in atypical 2-Cys Prx enzymes occurs inside the same subunit, resulting in an intramolecular disulfide bond formation. The 1-Cys Prx enzymes do not contain a resolving cysteine and their sulfenic acid cysteine is stabilized by the active site micro-environment of the polypeptide backbone. The catalytic cycle is completed when disulfide or sulfenic acid is reduced. For most Prxs, this reduction is carried out by Trx (14) .
Besides this classification, several others were proposed based on amino acid sequence similarity (15, 16) . Later on, another classification based on both amino acid sequence and structural similarities was proposed and provided insights on the evolution of proteins within the Trx suprafamily, which includes Prxs (17) . Among the four Prx classes, class 1 is the most ancestral from which the other three classes arose. However, they are the least characterized class. Herein, we will adopt the systems proposed by Copley et al. (17) and for clarity the relationship between the various classifications is presented in Table I . Additionally, GPx enzymes are included in Table I  because these proteins present the Trx fold and  also  are  cysteine-based  thiol-dependent  peroxidases (18,19 (20) . More recently with the development of new assays, Prx enzymes were considered as reactive as selenium and hemecontaining proteins (21) (22) (23) . However, it should be mentioned that only class 3 Prx and class 4 Prx (composed mostly of typical 2-Cys Prx but also 1-Cys Prx proteins) were analyzed by these assays, and consequently, the catalytic efficiencies for enzymes of the other Prx classes remain to be determined.
Class 1 Prx (Table I) include, among other proteins, Bcp and PrxQ proteins with homologs present in a wide range of organisms from bacteria to unicellular eukaryotes and plants (24) (25) (26) (27) (28) . Among all Prxs, proteins belonging to class 1 can be considered the least reactive Prxs toward hydroperoxides (23, 29) . In spite of this, the biological importance of these proteins comes from the observations that bcp deletion in E. coli rendered cells hypersensitive to hydrogen peroxide, TBHP and linoleic acid hydroperoxide (24) , and expression of PrxQ in Arabidopsis thaliana was stimulated by hydrogen peroxide, TBHP and diamide (30) . Interestingly, Bcp expression was induced in the bacterium Frankia sp. during the formation of symbiosis with the plant, Alnus glutinosa (31) . Recently, PrxQ proteins were further categorized into two subfamilies: PrxQα proteins that have the two catalytic cysteine residues (peroxidatic and resolving cysteines) with four-residue spacing and PrxQ proteins that do not have a cysteine vicinal to the peroxidatic cysteine (25) .
Here, we structurally and functionally characterized a class 1 Prx enzyme from X. fastidiosa named here as XfPrxQ, including the evaluation of its kinetic properties by means of new methodologies currently available. This report represents the first determination of the secondorder rate constants for the reaction of a class 1 Prx enzyme with hydrogen peroxide and peroxynitrite. Through this analysis, it was possible to observe that XfPrxQ reactivity towards peroxides is comparable to the most reactive enzymes (class 3 Prx, class 4 Prx, GPx and catalases). Furthermore, the catalytic cycle of XfPrxQ was elucidated by multiple approaches such as X-ray crystallography, CD, site-directed mutagenesis, biochemical assays and mass spectrometry. Moreover, by the identification of Trx, among other thiols, as the reducing substrate, we were able to reconstitute in vitro the pathway involved in hydroperoxide decomposition. Finally, we propose a model for the redox-dependent structural changes in PrxQ proteins that is consistent with all of the data presented here as well as information from the literature.
EXPERIMENTAL PROCEDURES
Cloning, Expression and Purification of PrxQ and Its Mutants from X. fastidiosa -The prxq gene (accession number AAF83771) was amplified by PCR using genomic DNA of the X. fastidiosa 9a5c strain as template and the following combination of primers: forward 5'-GGAATTCCATATGAACATCGGCGACACC-3' (NdeI) and reverse 5'-CGCGGATCCTTATTGCTCGGCATG-3' (BamHI). The restriction sites shown in parentheses are underlined in the sequences. The amplified DNA fragment was digested with NdeI and BamHI and cloned into an NdeI-BamHIdigested pET15b vector (Novagen EMD Biosciences, Inc., Merck KGaA, Darmstadt, Germany). The sequence of the inserted DNA was confirmed by sequencing, and the obtained expression plasmid was named pET15b-PrxQ. Expression plasmids for four XfPrxQ mutant proteins, C23S, C47S, C83S and C101S, in which cysteines were replaced individually by serines, were generated following the protocol of the QuikChange site-directed mutagenesis kit (Agilent Technologies, Inc., Stratagene Products Division, La Jolla, CA USA). We used four pairs of complementary mutagenic primers (C23S, 5'-GGCAGCACCAGCAAAACACTGAG-3'; C47S, 5'-CACGCCAGGCTCTAGCACAGAAG-3'; C83S, 5'-CGACAGCTTCTCTGCCAAACAGGG-3'; C101S, 5'-GTGACGCAATACTGTCTAAAGCATTTGACG -3'; the respective mutated codons are underlined in the sequences) and the pET15b-PrxQ as template. Resulting plasmids were used to transform E. coli BL21(DE3) (Novagen EMD Biosciences, Inc.) by electroporation, and a single colony of each generated strain was inoculated in LB medium (50 ml) containing 0.1 mg ampicillin/ml and grown overnight at 37C. The culture was then transferred to 1 L of fresh LB medium containing ampicillin and cultured further until the A 600 reached 0.6-0.8. The expression of the recombinant protein was then induced by the addition of 0.5 mM IPTG, and growth was maintained at 20°C. After overnight incubation, cells were harvested by centrifugation and stored at 20°C. Frozen cells were suspended in start buffer (20 mM sodium phosphate buffer, pH 7.4, containing 0.5 M sodium chloride, 20 mM imidazole and 2 mM PMSF) and disrupted by sonication. The cell extracts were kept in ice during 1% streptomycin sulfate treatment for 20 min. The supernatants clarified by centrifugation were loaded onto a nickel affinity column (HisTrap FF crude from GE Healthcare BioSciences AB, Uppsala, Sweden) that had been equilibrated with start buffer. The conditions of His-tagged protein purification were optimized according to the manufacturer's instructions. Excess imidazole was removed from purified proteins by gel filtration using HiTrap Desalting columns (GE Healthcare Bio-Sciences AB). Purified proteins were stored in 50 mM sodium phosphate buffer (pH 7.4) and 50 ). The concentration of TBHP and CHP stock solutions were determined by an enzymatic coupled assay as previously described (33) Determination of Trx-dependent Peroxidase Activity of XfPrxQ -The peroxidase activity linked to NADPH by the Trx system was determined by monitoring the decrease of absorbance at 340 nm as previously described (36) . For this purpose, XfTsnC (Trx from X. fastidiosa, accession number AAF85495) and XfTrxR (TrxR from X. fastidiosa, accession number AAF84257) were cloned and expressed in E. coli, as described in the Supplemental Data (Fig. S1 ). The reaction mixture contained 50 mM sodium phosphate buffer (pH 7.4), 0.3 mM NADPH and concentrations of Trx, TrxR and XfPrxQ wild-type or mutant protein, as indicated in the figure legends. The reaction was started by the addition of various concentrations of hydroperoxide and was carried out at 37C. As a control, XfPrxQ proteins were omitted from the assay mixture. 200 µM) . The reaction was started by the addition of hydroperoxide and was carried out at 37C. As a control, XfPrxQ proteins were omitted from the assay mixture. All kinetic data were analyzed and fitted with Michaelis-Menten equation using GraphPad Prism 4 software (GraphPad Software, Inc., San Diego, CA USA) and following kinetics equations described previously (37) .
Competitive Kinetic Studies with HRP -The second-order rate constants of the reaction of XfPrxQ with hydrogen peroxide and peroxynitrite were determined by competition with HRP as previously described (22) . In a reaction mixture containing 0.1 M sodium phosphate buffer (pH ) have been previously determined (22) .
To determine the pKa of the peroxidatic cysteine, the second-order rate constants of the reaction of XfPrxQ with hydrogen peroxide were also determined at different pHs by the experiment described above.
HPLC Separation of Tryptic Peptides and Mass Spectrometry -To identify the disulfide-containing peptide, XfPrxQ was submitted to chemical modification and tryptic digestion prior to HPLC-ESI-MS analyses. Reduced XfPrxQ was incubated with 1.1 equivalents of hydrogen peroxide at room temperature for 30 min to generate the disulfide form. Excess hydrogen peroxide was removed by gel filtration using HiTrap Desalting columns (GE Healthcare BioSciences AB) with 5 mM sodium citrate buffer (pH 5.0). Disulfide-containing XfPrxQ was then treated with 100-fold excess of NEM at room temperature for 1 h to prevent nonspecific disulfide bond formation. The NEM-alkylated disulfide-containing XfPrxQ was resuspended in 6 M guanidine solution. Dilutions with 0.1 M TrisHCl (pH 8.0) were made to reach 1 M guanidine, and the sample was incubated overnight at 37C after addition of Trypsin Gold (Mass Spectrometry Grade, Promega Corp., Madison, WI USA) to a final trypsin:XfPrxQ ratio of 1:20 (w/w). Approximately 6 µg of protein was injected onto a reverse phase C18 column (1503.0 mm, 5 µm, ACE 5 C-18 HL, Advanced Chromatography Technologies, Aberdeen, Scotland) connected to a Micromass Quattro II triple quadrupole mass spectrometer (Waters Corp., Milford, MA USA) equipped with an electrospray ionization source operating in positive ion mode. After a 5 min washing with 22.5% acetonitrile (in 0.1% TFA), peptides were eluted with a linear gradient from 22.5 to 60.0% acetonitrile (in 0.1% TFA) over 25 min at 150 µL/min (obtained by flow-splitting). Peaks were also detected at 214 nm. Mass spectra were acquired and analyzed using MassLynx software (version 3.2, Waters Corp.). To comparatively identify the disulfide-containing peptide, an aliquot of tryptic digested protein was incubated with 10 mM TCEP at room temperature for 30 min and approximately 6 µg of protein were also analyzed by HPLC-ESI-MS.
Crystallization, X-ray Diffraction Data Collection, Molecular Replacement and Refinement of XfPrxQ C47S -For crystallization assays, XfPrxQ C47S protein was concentrated to 5-15 mg/ml in 5 mM sodium citrate buffer (pH 5.0). Crystallization trials were performed using the sitting-drop vapor diffusion method, and crystals suitable to X-ray diffraction experiments were obtained from the protein after reduction with 10 mM DTT. The optimal condition was obtained with the reservoir solution composed of 0.1 M HEPES-HCl (pH 7.5) and 20% PEG 8000 at 293 K. The crystals were soaked in a solution of 2 µL of the reservoir solution containing 20% glycerol (v/v) and then flash-frozen in a nitrogengas stream. Crystal X-ray diffraction data were collected at 110 K using synchrotron radiation at the protein crystallography beamline W01B-MX2 of the Brazilian Synchrotron Light Laboratory, LNLS. Diffraction data were recorded on a MarMosaic 225 detector. Data sets were indexed and integrated with MOSFLM (38), and scaled and merged using SCALA (39,40) from the CCP4 package (41) . The crystal structure of XfPrxQ C47S was determined by molecular replacement methods using the PHASER program (42) and coordinates of Tryparedoxin Peroxidase from Crithidia fasciculata (PDB ID: 1E2Y, 30% sequence identity) (43) . Crystallographic refinement was carried out using the REFMAC 5.0 program (44) from the CCP4 package, alternating with visual inspection of the electron density maps and manual model rebuilding with the Coot program (version 0.5.2) (45). Structural representations were generated using PyMOL (version 0.99rc6, DeLano Scientific LLC, San Carlos, CA USA). The coordinates have been deposited in the PDB under accession code 3IXR.
CD Spectroscopy of XfPrxQ -XfPrxQ wild-type and mutant proteins in the reduced form were analyzed before and after treatment with 1.2 equivalents of hydrogen peroxide at room temperature for 10 min. The CD spectra were generated using a 0.1 cm path length cuvette containing 10 µM of protein in 20 mM sodium phosphate buffer (pH 7.4). The assays were carried out at 20C in a Jasco J-720 spectropolarimeter (Jasco Inc., Easton, MD USA). Spectra were presented as an average of eight scans recorded from 195 to 245 nm. Because proteins belonging to the Prx1 class are scarcely studied, we chose to characterize XfPrxQ. Therefore, recombinant XfPrxQ was obtained and its purity was ascertained by nonreducing SDS-PAGE (see Supplemental Data, Fig.  S1 ).
RESULTS

Prxs from X. fastidiosa
Thiol-dependent Peroxidase Activity of XfPrxQ -Recombinant XfPrxQ was active as initially attested by its ability to protect GS from oxidative inactivation by a metal-catalyzed thiol system (DTT/Fe 3+ /O 2 ) but not by a non-thiol system (ascorbate/Fe 3+ /O 2 ), confirming that XfPrxQ is a thiol-specific antioxidant protein (see Supplemental Data, Fig. S2 ). Therefore, XfPrxQ is re-reduced by DTT, but not by ascorbate.
Interestingly, DTT-dependent peroxidase activity of XfPrxQ was only observed when the dithiol compound DTT was employed at high concentrations. At 2 mM concentration of DTT, the specific activity of XfPrxQ was 0.22 ± 0.01 and 0.13 ± 0.01 µM/min/µM XfPrxQ , respectively, when CHP and TBHP were the substrates. Because DTT consumed hydrogen peroxide nonenzymatically under these conditions, determination of hydrogen peroxide elimination through XfPrxQ catalysis was impracticable. In contrast, the other Prx from X. fastidiosa (XfAhpC) required lower concentrations of DTT. At 1.5 mM concentration of DTT, the specific activity of XfAhpC was 1.17 ± 0.03, 1.02 ± 0.01 and 0.84 ± 0.02 µM/min/µM XfAhpC , respectively, when hydrogen peroxide, CHP and TBHP were the substrates.
Because XfPrxQ is only slightly reducible by DTT, it was relevant to identify the biological reducing system for this enzyme. DTT-dependent peroxidase activity of XfPrxQ was greatly stimulated by addition of Trx from X. fastidiosa (XfTsnC) into the reaction mixture (Fig. 1A) , suggesting XfTsnC as a possible XfPrxQ biological electron donor. In the presence of XfTsnC, the specific activity of XfPrxQ was 1.76 ± 0.09, 1.49 ± 0.07 and 0.67 ± 0.04 µM/min/µM XfPrxQ , respectively, when hydrogen peroxide, CHP and TBHP were the substrates (Fig. 1B) .
Trx-dependent Peroxidase Activity of XfPrxQ -To better characterize the enzymatic properties of XfPrxQ, the Trx-linked peroxidase assay was carried out. In the presence of XfTsnC and XfTrxR, no NADPH oxidation was observed when XfPrxQ was omitted from the reaction mixture. The addition of XfPrxQ resulted in significant oxidation of NADPH (Fig. 1C) . A heterologous Trx system, composed by E. coli proteins, TrxA (Trx) and TrxB (TrxR), also supported the peroxidase activity of XfPrxQ (data not shown). In contrast, the Trx system of X. fastidiosa did not support the peroxidase activity of XfAhpC (Fig. 1C) .
In the genome of X. fastidiosa, there is an ORF predicted to encode an AhpF homolog, just downstream of the ahpc gene (1). In bacteria, the AhpF enzyme acts as a dedicated AhpC reductase, directing the transfer of electrons from NADH to AhpC (46) . Corroborating this AhpC dedicated activity, recombinant AhpF from X. fastidiosa (XfAhpF, accession number AAF84340) did not support the peroxidase activity of XfPrxQ (see Supplemental Data, Fig. S3 ).
Because some Prxs display peroxidase activity supported by glutathione or glutaredoxin (47, 48) , these processes were also investigated. However, neither glutathione nor glutaredoxin 1 from E. coli supported peroxidase activity (see Supplemental Data, Fig. S4 ). These data indicated that XfPrxQ is a Trx-dependent peroxidase.
Functional Cysteine Residues of XfPrxQSeveral Prxs similar to E. coli Bcp have two conserved cysteines with four-residue spacing (CXXXXC motif) that are involved in the intramolecular disulfide bond formation during the catalytic cycle (24, 25, 27, 28) . XfPrxQ has four cysteines and its N-terminal cysteine residue (Cys-47) is conserved in all proteins of the Bcp/PrxQ family (class 1 Prx enzymes) and is predicted to be the peroxidatic cysteine (13) . However, XfPrxQ lacks the putative resolving cysteine residue at that C-terminal position of the CXXXXC motif. This motif is a feature shared by proteins from the PrxQα subfamily (Fig. 2, upper) . On the other hand, Cys-83 of XfPrxQ is also conserved in some proteins of the Bcp/PrxQ family (class 1 Prx enzymes), as is Cys-101 (Fig. 2) . Moreover, Cys-23 is the unique residue that is only present in the XfPrxQ protein. Therefore, Cys-83 and Cys-101 are strong candidates for participating in an intramolecular disulfide bond in XfPrxQ.
Recombinant XfPrxQ was obtained at the molecular mass expected for a monomer (20.0 kDa, including the 2.2 kDa His-tag) by nonreducing SDS-PAGE, regardless of its oxidative state (Fig. 1D) , indicating that an intermolecular disulfide bond was not formed throughout its catalytic cycle.
In agreement with the formation of an intramolecular disulfide bond during the catalytic cycle, thiol titrations of XfPrxQ by DTNB under denaturing conditions indicated the presence of four thiols per molecule for the reduced form of protein, whereas two thiols were detected in the oxidized form. About three thiols per molecule were detected in reduced XfPrxQ under native conditions, indicating the presence of one solvent inaccessible thiol (see Supplemental Data, Table  SI) .
To identify the location of the putative intramolecular disulfide bond and to characterize the catalytic cycle of XfPrxQ, a series of biochemical assays were conducted on wild-type and mutant proteins in which each cysteine residue was individually replaced by serine.
In the thiol titration assay, XfPrxQ C47S was the only mutant protein presenting the same number of thiol groups (three per molecule) under oxidizing and reducing conditions, indicating the absence of thiol oxidation (see Supplemental Data, Table SI), which is consistent with the prediction that Cys-47 is the peroxidatic cysteine of XfPrxQ. The other mutant proteins presented differences higher than 1.6 thiols per molecule between reduced and oxidized forms, suggesting that disulfides were formed in the oxidized state. Therefore, thiol titration assay was unable to identify the resolving cysteine. Interestingly, hydrogen peroxide-treated XfPrxQ C83S exhibited several bands on non-reducing SDS-PAGE, which is distinctly divergent from the other mutant proteins. This result suggests nonspecific disulfide bond formation consistent with the lack of the resolving cysteine in the XfPrxQ C83S mutant protein (see Supplemental Data, Fig. S5 ). As mentioned above, thiol titrations under native condition of wild-type protein in the reduced form indicated that one cysteine residue was inaccessible for reaction with DTNB. Because the number of thiol groups between denatured and native forms of the C101S mutant was about the same, it is possible that Cys-101 is buried in the polypeptide backbone.
As the peroxidase activity of XfPrxQ was abolished by mutation of Cys-47 ( Fig. 3A and B) , this residue is the peroxidatic cysteine as predicted by amino acid alignment and thiol titration. Moreover, XfPrxQ C23S and XfPrxQ C101S retained substantial activity in comparison with the wild-type protein. However, the C83S mutant protein had divergent effects on the enzymatic activity when its DTT-or Trx-dependent peroxidase activity was analyzed. While XfPrxQ C83S appeared to be gradually inactivated by the hydroperoxide during the time course of the Trxlinked peroxidase assay (Fig. 3B) , its DTTdependent peroxidase activity was about 2-fold increased when compared to the wild-type protein (Fig. 3A) .
It is likely that Trx may not be efficient at reducing sulfenic acids generated in XfPrxQ C83S and, thereby, Cys-47 could be overoxidized to sulfinic or sulfonic acids. It is well known that overoxidation of Prx provokes their inactivation (13, 20, 49) . Inactivation may not have occurred in the DTT-dependent peroxidase assay (Fig. 3A) because sulfenic acid in Cys-47 could be more readily reduced by DTT than by Trx.
To test if sulfenic acid was generated and persisted for a longer time in the absence of the putative resolving cysteine, XfPrxQ wild-type and C83S proteins were pre-incubated with dimedone, a sulfenic acid modifying reagent (50), in the presence or absence of hydrogen peroxide. Excess reagents were removed before assaying peroxidase activity. Dimedone was not able to inactivate wildtype XfPrxQ probably because attack of resolving cysteine to the Cys-47-SOH intermediate outcompetes its alkylation by dimedone (Fig. 3C) . On the other hand, dimedone likely inactivated the XfPrxQ C83S protein because sulfenic acids persist long enough to react with dimedone only in the absence of Cys-83. Dimedone also protected XfPrxQ C83S from precipitation by the hydrogen peroxide treatment (see Supplemental Data, Fig.  S6 ), probably by preventing the reaction of sulfenic acids with other XfPrxQ cysteine residues after protein denaturation in non-reducing SDS-PAGE. These data strongly suggest Cys-83 as the resolving cysteine of XfPrxQ.
Unequivocal localization of peroxidatic and resolving cysteines of XfPrxQ was obtained by HPLC-ESI-MS analyses. NEM-alkylated disulfide-containing wild-type XfPrxQ was trypsin digested under denaturing conditions and resolved on a C-18 column connected to an electrospray ionization triple quadrupole mass spectrometer (ESI-MS). The chromatogram of the NEMalkylated disulfide-containing peptide mixture (Fig. 4A ) was compared with that of the TCEPtreated mixture (Fig. 4B) . A well resolved peak was detected in the TCEP-treated sample at 16.97 min (peak D in Fig. 4B ). The mass of this species corresponded to the peptide containing the Cys-47 residue (Fig. 4D) . In this reduced sample, we were unable to find the other peptide of the disulfidecontaining peptide. However, we detected the original disulfide-containing peptide in the NEMalkylated disulfide-containing peptide mixture (peak C in Fig. 4A ). The mass of this species corresponded to the expected peptide formed by a disulfide bond between Cys-47 and Cys-83 (Fig.  4C ). In addition, we detected two peptides that corresponded to the peptide containing Cys-23 residue and the peptide containing Cys-101 residue, both conjugated with NEM (data not shown). These two peptides were detected in the NEM-alkylated disulfide-containing peptide mixture and the TCEP-treated mixture. Thus, the hydrogen peroxide treatment of XfPrxQ resulted in the formation of an intramolecular disulfide bond between Cys-47 and Cys-83.
Another mass spectrometry experiment was performed by the Proteomics Platform (Eastern Quebec Genomics Center, Quebec, Canada) and confirmed the results presented above. Briefly, NEM-alkylated disulfide-containing XfPrxQ was reduced by DTT, alkylated with iodoacetamide and finally digested by trypsin. Trypsinized protein was then analyzed by HPLC-C18-ESI-MS/MS and again indicated a disulfide bond between Cys-47 and Cys-83. In this experiment, XfPrxQ peptides containing Cys-47 and Cys-83 were preferentially alkylated by iodoacetamide, whereas peptides containing Cys-23 and Cys-101 were preferentially alkylated by NEM (see Supplemental Data, Table SII) .
Kinetic parameters of XfPrxQ -Because XfPrxQ has two substrates, hydroperoxide and reduced Trx, the more appropriate way to kinetically characterize XfPrxQ is by steady-state bisubstrate kinetic analyzes (37) (Fig. 5) . These data suggested that the catalysis by XfPrxQ proceeds by a ping pong bi bi mechanism that can be described as a sequence of two bimolecular reactions occurring consecutively and independently of each other: The ordinate intercepts (1/V max,app ) were replotted against 1/[hydroperoxide], revealing an enzyme substitution mechanism with saturation kinetics (37) . Assuming a ping pong mechanism for all equations, the y-intercept of the secondary plot was equivalent to 1/V max and the slope was equivalent to K m(hydroperoxide) /V max , while the slope of the primary plot was equivalent to K m(XfTsnC) /V max . XfPrxQ presented slightly higher specificity towards hydrogen peroxide and CHP (k cat /K m = 3.3510 4 ) at pH 7.4 and 37C (Fig. 6B) , indicating that condensation between the sulfenic acid derivative of peroxidatic cysteine and the resolving cysteine did not interfere in the analysis.
The kinetic competitive approach with HRP was also used to determine the pK a of the XfPrxQ reactive cysteine. The second-order rate constants of the reaction of XfPrxQ with hydrogen peroxide were determined at different pHs in the range of 4.5 to 7.5, and the experimental pH profiles showed a single pK a of 6.2 (Fig. 6C ). This pK a value corresponds to the pK a of the peroxidatic cysteine residue of XfPrxQ (22) .
The second-order rate constant of the reaction between reduced XfPrxQ and peroxynitrite can also be determined by the kinetic competitive approach with HRP (22) . Once again, XfPrxQ competed with HRP for peroxynitrite in a concentration-dependent manner (Fig. 6D) . By the linear plot of (F/ (1-F) ).k HRP .
[HRP] against XfPrxQ concentration, we calculated the second-order rate constant of the reaction of XfPrxQ and peroxynitrite to be (1.04 ± 0.03)10
6 M -1 s -1 at pH 7.4 and 37C. The result is in the range of 10 5 to 10 7 M -1 s -1 rate constants reported so far (23) . Crystal Structure of XfPrxQ C47S -Once several biochemical properties of XfPrxQ were characterized, we attempted to obtain its structure in the reduced and oxidized forms to perform structural and functional relationship experiments. In spite of the efforts to obtain structures for the wild-type protein, we could only obtain crystals of XfPrxQ C47S, which is probably representative of the reduced enzyme state of the wild-type protein, as discussed below and assumed by researchers in the field. XfPrxQ C47S crystallized in space group P2 1 2 1 2 1 (orthorhombic) with one molecule per asymmetric unit. In the final model, which includes 156 of 159 residues of XfPrxQ, the missing residues are in a large loop located between the 6 and 7 (Gly-114 and Arg-115) and in the C-termini amino acid (Gln-159). Nine residues were marked as alanine due to the lack of electronic density in the amino acid side chains (Lys-41, Lys-110, Thr-111, Met-112, Tyr-113, Gln-116, Ile-118, Lys-141, Glu-158). Because XfPrxQ C47S was expressed as an N-terminal His-tagged recombinant protein, three amino acids residues of the tag were assigned as -2 (Gly), -1 (Ser) and 0 (His). All non-glycine and non-proline residues fall in the most favored or additionally allowed regions of the Ramachandran plot, as defined by the PROCHECK program (version 3.4.4) (52). Additionally, 172 water molecules were assigned in the final model. The structure was refined to a final crystallographic R-factor of 19.8% and R-free of 24.6% at 1.60 Å of resolution. Crystallization data and refinement statistics are presented in the Supplemental Data (Table SIII) . The structural analysis, performed using the PISA program (53) from the CCP4 package, suggested that XfPrxQ is a monomer in solution with a surface area of 7691.4 Å 2 . As expected, the structure of XfPrxQ C47S is composed by a canonical Trx fold (20) with insertions and extensions that form a five-stranded mixed β-sheet (in the order 3↑-4↑-5↑-8↓-9↑) surrounded by six α-helices and four additional β-strands in the α1-1-2-α2-3-α3-4-α4-5-α5-6-7-8-9-α6 arrangement of secondary structure elements. According to structural comparisons with known Prx structures and based on the classification suggested by Copley et al. (17) , we confirmed that XfPrxQ is a class 1 Prx (Table I) .
A small number of structural coordinates of class 1 Prx enzymes were only very recently made available in the RCSB Protein Data Bank (http://www.rcsb.org/pdb). Of seven structures available, three of them are structures of the same protein, Bcp from Xanthomonas campestris (54), which is a member of the PrxQβ subfamily that shares 66% of amino acid sequence identity with XfPrxQ. The atom coordinates of these structures (54) were deposited during the development of this manuscript. Furthermore, the four other structures refer to members of the PrxQα subfamily (PDB ID: 2CX3, 2CX4, 2YWN and 3DRN); however, only 3DRN has been published (55) .
The Ser-47, which replaces the peroxidatic cysteine in XfPrxQ C47S, is located at the Nterminus of helix α3 (Fig. 7A) . Electron density maps of Ser-47 indicated that the side chain can adopt two distinct conformations. Interactions between amino acids reflect the configuration that usually stabilizes reactive cysteine in the thiolate form (R-S  ) within the active site of Prxs in only one of the conformations (Fig. 7B , the other conformation is represented in the Supplemental Data, Fig. S7 ) (12, 20) Residues conserved to Arg-122 are postulated to affects the pK a of the peroxidatic cysteine and consequently influences its nucleophilicity (17) . Thus, the pK a of 6.2 for the peroxidatic cysteine residue of XfPrxQ determined here (Fig. 6C ) could be attributed (at least partially) to the nearby guanidino group of Arg-122. Indeed, mutation of this Arg in other Prxs abolishes or diminishes peroxidase activity (56) . The stabilization of this negative charge on Cys-47 could also arise from the influence of electrostatic interactions between the thiolate anion and other positively charged residues in the active site region (57) . Finally, the positive electrostatic potential of the XfPrxQ surface, where the peroxidatic cysteine is located (Fig. 7C) , and the localization of the peroxidatic cysteine in the N-terminus of helix α2 (58) can also be correlated with the low pK a value of Cys-47.
In only the conformation described in Fig.  7B , Ser-47 is also exposed to the surface of the protein, allowing interaction with substrate. The Ser-47 side chain is located in a shallow cavity with a surface that is made up of the side chains of Pro-40, Lys-41, Thr-44, Gly-46 and Arg-122. In this cavity, the Ser-47 side chain occupies 0.3 Å 2 of solvent accessible surface, as calculated using the ArealMol program from the CCP4 package (41) and using a radius of 1.4 Å for probe solvent molecules. The shape of this cavity suggests that it could accommodate substrates of various forms and sizes, which is in agreement with the low specificity of XfPrxQ towards hydroperoxides (Table II) .
Electron density maps of the resolving cysteine (Cys-83) indicated that the side chain can also adopt two conformations. Interestingly, Cys-83 is located at the middle of helix α4 and is 12.26 to 14.07 Å distance from the peroxidatic Cys-47. Therefore, to produce distances within 2 Å (the idealized bonding distance between S γ atoms in disulfide bonds), substantial backbone conformational changes in XfPrxQ would be required to form the intramolecular disulfide bond observed through mass spectrometry experiments (Fig. 4 and Supplemental Data, Table SII ).
Because we expected that some unfolding of α helices containing active cysteine residues (helix α3 and/or helix α4) should take place to allow disulfide bond formation between Cys-47 and Cys-83, we analyzed XfPrxQ in different oxidation states by CD spectroscopy. In fact, the CD spectrum of oxidized wild-type XfPrxQ in the far-UV region displayed a decrease in the signal intensity at 222 nm relative to the reduced XfPrxQ, which is consistent with a smaller alpha helical content (Fig. 8A) . A similar structural change due to oxidation occurred in the XfPrxQ C83S protein (Fig. 8C) but not in the XfPrxQ C47S protein (Fig. 8B) . Estimating alpha helical content of these enzymes by the molar ellipticity at 222 nm as previously described (59), we found that oxidation of XfPrxQ wild-type and C83S proteins resulted in a 4.7% and 4.0% reduction in alpha helical content, respectively. Because helices α3 and/or α4 are 6.7% and 6.1% of the XfPrxQ alpha helical content, respectively, CD estimation indicates that at least part of helices α3 and α4 underwent a structural unfolding due to the redox state change of XfPrxQ during its catalytic cycle. Taking all of the experimental data presented here as well as information from the literature into account, a model for the catalytic mechanism for class 1 Prx is proposed in the following section. (Table I) Functional studies with XfPrxQ mutant proteins indicated the role of Cys-47 as the peroxidatic cysteine. Additional approaches were demanded to identify Cys-83 as the resolving cysteine of XfPrxQ, including mass spectrometry approaches (Fig. 4 and Supplemental Data, Table  SII ). This report is the first experimental demonstration of intramolecular disulfide bond formation in solution by a protein member of the PrxQβ subfamily, providing unequivocal evidence that XfPrxQ follows the atypical 2-Cys Prx mechanism.
DISCUSSION
Class 1 Prx enzymes
Compared to class 4 Prx from X. fastidiosa (XfAhpC), high concentrations of thiol compound (2 mM) were required to detect DTT-dependent peroxidase activity of XfPrxQ, suggesting that disulfides in class 1 Prx are very stable. Again, this finding is consistent with the proposal that the recycling step of Prx reduction limits the catalytic cycle (21) (22) (23) 51) . This result can explain why DTT-dependent peroxidase activity of XfPrxQ C83S was higher than wild-type XfPrxQ activity (Fig. 3A) even though they have similar secondorder rate constants of the reaction with hydrogen peroxide (Fig. 6A and B) . It could also explain, for example, why DOT5 (nuclear thiol peroxidase from Saccharomyces cerevisiae), a class 1 Prx protein, has a markedly lower DTT-dependent antioxidant activity of GS protection than those of the other yeast isoenzymes belonging to class 3 Prx and 4 Prx (29) .
Therefore, it was relevant to identify in this work that the Trx system of X. fastidiosa composed by XfTsnC and XfTrxR, but not other thiol-reducing systems, is the biological reducing system of XfPrxQ (Fig. 3 and Supplemental Data, Fig. S3 and S4 ). In agreement with this finding, DTT-dependent peroxidase activities of other class 1 Prx enzymes were also greatly stimulated by Trx proteins (25, 28, 56, 60, 61) . Furthermore, the midpoint potential (-325mV) of plant PrxQ is in agreement with the necessity of a protein with high reducing power, such as thioredoxin, to support the peroxidase activity of PrxQ enzymes (28) .
Bisubstrate steady-state kinetics analysis of XfPrxQ resulted in catalytic efficiencies in the range of 10 3 to 10 4 M -1 s -1 (Table II) , which would indicate that this peroxidase is only moderately reactive when compared with GPx and catalases (20) . Recent studies indicated that class 3 Prx and class 4 Prx proteins (Table I) are also highly reactive towards hydroperoxides, and the apparent ambiguity between these studies was resolved with the proposal that reduction of Prxs is the ratelimiting step (21) (22) (23) 51) . Similarly, by competitive kinetic studies with HRP, the second-order rate constants of XfPrxQ were shown to be high for hydrogen peroxide (in the 10 7 M -1 s -1 range) and for peroxynitrite (10 6 M -1 s -1 range). These are the first determinations of second-order rate constants of the reaction of a reduced class 1 Prx enzyme and hydroperoxides, and the results have changed the paradigm that class 1 Prx enzymes present moderate reactivities within the Prx family of enzymes. Instead, these values demonstrate that class 1 Prx proteins are as reactive towards hydroperoxides as class 3 Prx, class 4 Prx, GPx and catalases (21) (22) (23) 51) , which is consistent with the severe phenotypes derived from the deletion of their genes (24, 30, 31) . The second-order rate constant of XfPrxQ reacting with peroxynitrite is similar to the rate constant values of class 4 Prx from bacteria and tryparedoxin peroxidases from trypanosomatids (62, 63) ) (51). The pK a of the peroxidatic cysteine residue of XfPrxQ (pK a = 6.2) determined here (Fig. 6C ) is in agreement with the low pK a thiols of Prxs characterized so far, conferring high nucleophilicity to its sulfur atom. Nevertheless, the second-order rate constant determined for the protonated thiol form of Cys-47 is also very high (in the range of 10 6 M -1 s -1 ) (Fig. 6C) . Thus, stabilization of thiolate alone is not sufficient to confer reactivity. Several aspects of Prxs reactivity remain elusive, such as the identification of residues responsible for the removal of the proton from the sulfur atom of the peroxidatic cysteine and/or protonation of the RO  leaving group (20, 51) . Although it has been assumed that crystal structures of Prxs with a serine in place of the peroxidatic cysteine mimic the reduced form, the hydroxyl proton cannot be abstracted from the oxygen atom of serine residue in the same way as in the peroxidatic cysteine. Therefore, residues surrounding Ser-47 are expected to accommodate in a different position in comparison to the thiolate in the wild-type protein. Nevertheless, most of the available crystal structures of Prxs described so far in the reduced form have serine in place of the peroxidatic cysteine.
Cys-101 is the most buried cysteine residue of XfPrxQ, which is consistent with the observation that this is the cysteine residue that is more inefficiently titrated by DTNB (Supplemental Data, Table SI ). Furthermore, XfPrxQ C101S was the most unstable among the mutant proteins, easily precipitating in solution (data not shown), indicating that this residue plays some structural role. Interestingly, Cys-101 is conserved in orthologous proteins from E. coli, Salmonella typhimurium, Klebsiella pneumoniae and X. campestris (Fig. 2) but apparently does not play a role in catalysis.
Because Ser-47 (peroxidatic Cys-47 in the wild-type protein) and Cys-83 of XfPrxQ are very distant from one another, substantial conformational changes (probably by the unfolding of α helices where peroxidatic and resolving cysteines are located) are required to generate an intramolecular disulfide bond. Some insights on the mechanism for this conformational change might be obtained from the analysis of the recently described structures of Bcp from X. campestris (PDB ID: 3GKM and 3GKK) (54) as well as structures from A. pernix (PDB ID: 2CX4 and 2CX3).
Like XfPrxQ, peroxidatic and resolving cysteines of Bcp from X. campestris are in distinct α helices (Fig. 2) . Only helix α4 that holds the resolving Cys-84 is unfolded in the disulfidecontaining structure of the protein (PDB ID: 3GKK) (Fig. 9A and B) . In an apparent contrast, when structures of reduced and oxidized forms of Bcp from A. pernix K1 are compared (PDB ID: 2CX4 and 2CX3, respectively), only helix α2 (equivalent to helix α3 in X. fastidiosa and X. campestris) and not helix α3 (equivalent to helix α4 in X. fastidiosa and X. campestris) is unfolded, with an intramolecular disulfide bond in a loop (Fig. 9C and D) . Bcp from A. pernix K1 is a member of the PrxQα subfamily, and active cysteines are vicinal to each other (Cys-49 and Cys-54) and belong to the same helix α2.
We elaborate a model in which crystal structures of PrxQ proteins represent snapshots along the coordinate of the enzyme-catalyzed process (Fig. 10) . This model also takes into account data presented here and in the literature. Because oxidation takes place in the peroxidatic cysteine (Cys-47 in XfPrxQ) of the reduced protein (Fig. 10A) , structural changes in PrxQ proteins probably begin with the oxidation to a sulfenic acid derivative by the hydroperoxide substrate. Because sulfenic acid is bulkier and more electronegative than the corresponding thiol, electrostatic interactions that stabilize thiolate in Cys-47 ( Fig. 7B ) might be lost, triggering the unfolding of helix α3 (Fig. 10B) . This structural change due to the oxidation of peroxidatic cysteine was in agreement with the similar CD spectra of XfPrxQ wild-type and C83S proteins ( Fig. 8A and  C) but not the XfPrxQ C47S enzyme (Fig. 8B) .
It is possible that a redox-dependent change in the CD spectra of XfPrxQ C83S protein has occurred due to the formation of an intermolecular disulfide bond because this mutant protein suffered oligomerization even under native conditions (see Supplemental Data, Fig. S8 ). In any case, intermolecular disulfide bond formation would only be possible if the sulfenic acid derivative suffered a local unfolding of helix α3, where the peroxidatic cysteine is located. There are other reports on the redox dependent unwinding of alpha helices; however the mechanisms are quite distinct. For instance, in the disulfide form of plant GPx, alpha helixcontaining resolving cysteine undergoes completely unwinding (64) .
Local unfolding of helix α3 might lead to the approximation of the sulfenic acid derivative to helix α4 where resolving cysteine is located (Fig. 10B) and, finally, the formation of the intramolecular disulfide bond (Fig. 10C) . It is possible that the formation of the disulfide bond may provoke partial unfolding of helix α4 (Fig.  10C) , followed by the full refolding of helix α3 and restructuration of the active site (Fig. 10D) . Interestingly, this characteristic is unique to PrxQ because the active site is fully unfolded in all other Prxs in the disulfide configuration. The model depicted in Figure 10 is consistent with all available crystallographic structures of class 1 Prx enzymes and with our CD spectra (Fig. 9) , mass spectra (Fig. 4 and supplemental data, Table SII ) and other biochemical assays.
In conclusion, we show here that class 1 Prx enzymes present a distinct catalytical mechanism among cysteine-based peroxidases, although they are also very reactive towards hydroperoxides. Because these proteins are not present in mammalian hosts (Table I) , they may represent a promising target for the development of drugs against bacterial pathogens.
FOOTNOTES
The abbreviations used are: AhpC, subunit C of alkyl hydroperoxide reductase; Bcp, bacterioferritin comigratory protein; BHT, butylated hydroxytoluene; CD, circular dichroism; CHP, cumene hydroperoxide; DTNB, 5,5'-dithio-bis(2-nitrobenzoic acid); DTPA, diethylenetriaminepentaacetic acid; DTT, 1,4-dithiothreitol; ESI-MS, electrospray ionization mass spectrometry; GPx, glutathione peroxidase; GS, glutamine synthetase; HPLC, high performance liquid chromatography; HRP, horseradish peroxidase; IPTG, isopropyl-1-thio--D-galactopyranoside; NEM, N-ethylmaleimide; Ohr, organic hydroperoxide resistance protein; PMSF, phenylmethyl sulfonyl fluoride; Prx(s), peroxiredoxin(s); PrxQ, peroxiredoxin Q; ROH, hydroperoxide-derived alcohol; ROOH, hydroperoxides; TBHP, t-butyl hydroperoxide; TCEP, tris(2-carboxyethyl)phosphine; TFA, trifluoroacetic acid; Trx, thioredoxin; TrxR, thioredoxin reductase; XfAhpC, subunit C of alkyl hydroperoxide reductase from X. fastidiosa XfPrxQ, peroxiredoxin Q from X. fastidiosa. Peroxidase reactions were carried out in a mixture containing 300 μM TBHP, 1 mM DTT, 1 μM E. coli Trx and 10 µM XfPrxQ proteins at 37°C. After 10 min, the remaining TBHP was quantified in triplicate, and results are the mean ± SD (error bars). Peroxidase activity was considered 100% when wild-type XfPrxQ was assayed in the absence of dimedone. by guest on October 5, 2017
